Abstract: Plasmon-induced transparency (PIT) in a compact plasmonic resonator structure, which consists of a metal-dielectric-metal waveguide with an aperture-coupled square cavity and a slot resonator, is investigated theoretically and numerically. We find the transparency window and the delay of slow light in this structure can be controlled at a fixed wavelength by carefully adjusting the geometrical parameters of the aperture-coupled square cavity. By introducing gain medium into the slot resonator, the transmittance and the group index in transparency window both are dramatically enhanced with optically pumping the medium, and the group delay time can reach to 0.93 ps. In addition, triple PIT effects are also achieved by adding another aperture-coupled cavity and slot cavity, and corresponding slow light also can be dynamically tuned. This study paves a new route toward the realization of highly integrated all-optical circuits and networks, especially for ultrafast switches, optical buffers, lasers, and nanosensors.
Introduction
Plasmon-Induced transparency (PIT), which is an analogy of electromagnetically induced transparency (EIT) in three-level atomic system, is a quantum interference effect that occurs in plasmonic nanostructures and gives rise to a sharp transparency window within a broad absorption spectrum [1] , [2] . The transparency window is associated with a strong dispersion and can lead to a dramatic reduction of group velocity [3] , [4] , which enables propagating light to slow down and has significant applications in nonlinear optical devices, ultrafast switches, optical buffers and highly sensitive sensors [5] - [10] . The basic idea to generate PIT effect can attribute to the destructive interference between a broad resonance mode (radiative mode) and a narrow resonance mode (subradiant mode) supported by different plasmonic resonators. Thus the resonance wavelength or the lineshape of transparency window can be tuned by changing the geometrical parameters of resonators, or coupling strength between different resonators [11] - [15] . Compared with photonic crystal structures, the metal-dielectric-metal (MDM) waveguide structures for realization of slow light devices, filters or other functional devices have smaller size and higher confinement to the light [4] , [16] - [18] . The active control of PIT effect, which can't be realized by varying the structural parameters, is highly desirable for practical applications. Very recently, Chai et al. experimentally demonstrated tunable PIT effect in a MDM waveguide system based on thermos-optic effect [19] , Zhu et al. realized tunable double PITs in a nonlinear metamaterial [20] . Actually, these schemes for actively tunable PIT effects are achieved by varying the refractive index of medium filled in resonators, and the control of slow light in these systems have not been investigated. In addition, due to the existence of intrinsic Ohmic loss in the plasmonic structures, the transmittance of transparent peak is small for the proposed structures. Previous researches have shown that the intrinsic loss in plasmonic structure can be compensated by incorporating gain mediums [21] - [23] , and plasmonic spaser or nanolasers have been demonstrated theoretically and experimentally in gain-assisted plasmonic structures [24] - [26] . Wang et al. realized a random laser by covering the three-dimensional silver nanorod array with a layer of poly film embedded with gain medium [27] . Xiao et al. experimentally demonstrated that the incorporation of gain material in the high-localefiled areas of metamaterial makes it possible to realize loss-free and active optical negative-index metamaterials [28] . The reduction of the group velocity has been studied in gain-assisted MDM waveguide [29] , and it is demonstrated that the sensing performance of the PIT window in a gainassisted metamaterial is enhanced dramatically [30] . However, there are few research on influence of gain medium on the control of slow light in the PIT system.
In this paper, we theoretically and numerically demonstrate that the PIT effect and the corresponding slow light can be actively controlled by optically pumping gain medium in a compact PIT system. The PIT system is composed of a square cavity aperture-coupled with a MDM waveguide and side-coupled with a slot cavity. The PIT response and the delay of slow light can be controlled by adjusting the geometric parameters of the aperture-coupled square cavity when the slot cavity is filled with silicon. When we introduce gain medium into the slot cavity, simulation results show that, with increasing of gain, the transmittance in transparency window is dramatically amplified and a steep dispersion area is formed. Therefore, large group index is obtained as high as 280, the corresponding group delay time can reach to 0.93 ps, which is remarkable higher than previous reports [15] , [16] , [31] , [32] . In addition, triple PIT effects are also achieved by adding another aperture-coupled square cavity and slot cavity, the transparency windows and slow light can be actively controlled by the gain. The proposed compact system could have significant applications for all-optical devices, especially for ultrafast switches, lasers, optical baffle and nanosensors. Fig. 1 schematically shows the proposed plasmonic resonator structure, which consists of a square cavity coupled with a MDM waveguide via a small aperture, and a slot cavity is side-coupled to square cavity through the evanescent wave. This scheme makes the square cavity behaves as a radiative resonator, the slot cavity serves as a subradiant resonator. The dielectric width of MDM waveguide and the width of slot cavity both are defined as w and fixed at 50 nm throughout this paper. The side length of square cavity is s, the length of slot resonator is l, g denotes the coupling distance between square cavity and slot cavity. The width and height of aperture are d and h, respectively. The metal layer of MDM waveguide is chosen as silver whose frequency-dependent permittivity can be characterized by the Drude model: [33] , [34] , the resultant permittivity is consistent with experimental data [35] . The dielectric layers of MDM waveguide and the aperture assume to be sodium pstyrenesulfonate homo-polymer (PSSNa) with a refractive index of 1.395 [36] , and the square cavity is filled with silicon (ε = 12.25) [37] , so that the resonant frequency is in the telecommunication band. When the slot cavity is filled with silicon, the transmission characteristics of this structure can be described by the temporal coupled mode theory [38] , [39] , the transmission coefficient can be expressed as
Structure and Analysis
Where ω is the angular frequency of the incident light, ω 0 is the resonant frequency of square cavity, 1/γ i is the decay rate of the field due to the internal loss in square cavity, 1/γ 1 , 1/γ 2 are the decay rate to the waveguide and slot cavity, respectively. ϕ is the phase shift for a half round trip in slot cavity, and δ represents attenuation coefficient of the resonance field intensity. There are two pathways contribute to the field attenuation in the slot cavity, one is the power escape the cavity via coupling (δ ∝ 1/γ 2 ), the other is the intrinsic loss in cavity (δ ∝ 1/γ s , 1/γ s is the decay rate of the field due to the internal loss in slot cavity). The intensity of plasmonic resonance in cavity will be reduced because of the intrinsic loss, and the field also damps quickly. Therefore, the transmission characteristic of the proposed PIT system is connected with the loss in slot cavity. If the slot cavity is filled with gain medium (InGaAsP), not only the loss of slot cavity can be compensated, but the plasmonic resonance will be enhanced. So the resonance field attenuation in slot cavity is suppressed (δ ∝ 1/γ s − 1/γ g , where γ g is the growth rate of filed in the resonator due to the gain of the medium) [37] . In order to investigate the influence of gain medium in slot cavity on the transmission spectrum and the slow light in the proposed structure, the finite difference time domain (FDTD) method with perfectly matched layer (PML) absorbing boundary is utilized [17] , [38] .
Results and Discussion

The Influence of Geometric Parameters on Slow Light
Based on the above theoretical analysis, we first investigate the influence of geometric parameters of radiative resonator on the transmission spectrum and slow light in the proposed structure when the slot cavity is filled with silicon. In the absence of slot cavity, the SPPs power flow is strongly trapped in aperture-coupled cavity at resonance, and the transmission spectrum exhibits a broad dip, which resulted from the coupling resonance effect [40] , [41] . When the parameters (d, h, s) of aperture-coupled square cavity are chosen as (0, 42, 152), (10, 65, 155) , (22, 70, 160) , (25, 78, 170) , (58, 100, 180) nm, respectively. The corresponding transmission spectra are calculated and shown in Fig. 2(a) -(e) denoted by the blue lines. It can be seen that the transmission dip becomes deeper and broader with increasing of (d, h, s) at fixed resonance wavelength of 1.55 μm.
The performance of the cavity can be evaluated by quality factor Q, and Q can be obtained from the equation [42] . By fitting the curves using Eq. (1) in the case of 1/γ 2 = 0, the quality factors are obtained and they are 93, 74, 42, 29, and 15, which are corresponding to the transmission dip in Fig. 2(a) -(e). The calculated results show the quality factor decreases with increasing of (d, h, s). When the slot cavity (l = 593 nm, g = 35 nm) is present in above models, the calculated transmission spectra are shown in Fig. 2(a) -(e) denoted by the red lines. Obviously, in each transmission spectrum, a sharp PIT window is observed in the original absorption band. The transmittance of transparent window becomes smaller and the profile becomes sharper with decreasing of Q. In Fig. 2(i) -(iv), the magnetic field (|H z | 2 ) distributions at positions of 'I', 'II', 'III', and 'IV' in spectra of Fig. 2(c) are calculated and displayed. It can be seen Fig. 2(c) . from Fig. 2(i) that the energy of incident wave is trapped in the square cavity at resonance when the slot resonator is absence, while at the transparent peak of λ = 1.55 μm, the energy in square cavity transfers to the slot resonator due to the destructive interference between two cavities, as shown in Fig. 2(iii) . Fig. 3(a) shows the corresponding transmission phase shift of the PIT structure when the aperture-coupled square cavity with different quality factors. Clearly, sharp and deep change of phase shift within transparency window is observed at small quality factor, which indicates a steep dispersion and can lead to a large group index. The delay of slow light can be described by the group index [42] :
Here, c is light velocity in vacuum, τ g is group delay time, the transmission phase shift φ(ω) is function of angular frequency ω and D = 1 μm is the total length of the plasmonic structure. As shown in Fig. 3(b) , the group index was calculated in our structure, results show the group index obviously increases with decreasing of Q at λ = 1.55 μm. Thus, by carefully adjusting the parameters of the radiative resonator, the quality factor of the radiative mode can be tuned, consequently the PIT effect and the delay of slow light can be efficiently controlled. However, for practical applications, the geometrical parameters of the PIT structure are determined so that it is difficult to dynamically control the transparent window and group index. From Fig. 2(iii) , we note that the strong Fabry-Perot (FP) resonance mode at λ = 1.55 μm is established in the slot cavity while resonance in square cavity is very weak, so PIT response of this system may be affected by the properties of the slot cavity. 
Active Control of Slow Light by Introducing Gain Medium Into the Slot Cavity
We now investigate the influence of InGaAsP (ε = 11.38 + i ε i ) filled in the slot cavity on the transmission spectrum and the delay of slow light in the proposed structure. The gain can be achieved with optically pumping, this offers possibility to control light with light in all-optical circuits. In the absence of pumping, the complex permittivity ε i is negative, which corresponds to the case of loss. With increasing of pumping intensity, ε i increases gradually and eventually becomes positive, thus the medium exhibits gain. The gain of the medium can be characterized by the gain coefficient α = (2π/λ)Im √ 11.38 + i ε i [37] . To evaluate the PIT response of the proposed structure in the presence of gain, the geometrical parameters of structure are chosen as: d = 25 nm, h = 78 nm, s = 170 nm, l = 595 nm and g = 50 nm. Fig. 4 depicted the calculated transmission spectra with different gain coefficients. It can be observed that, when α = −600 cm −1 (ε i = −1), which corresponds to the case of no pumping, the transmission spectrum only exhibits a broad dip. This phenomenon resulted from that energy transferred from the square cavity to the slot cavity was damped quickly because of losses in slot cavity, the FP resonance can't be established in slot cavity so that the PIT effect didn't occur. As enhancement of pump intensity, α increases to 0 cm −1 and a small transparent window with a transmittance of 20% at λ = 1.55 μm emerges in the original absorption dip. The transmittance continues to increase with increasing of α, even increases to ∼240% when α = 650 cm −1 . The transmittance of transparent window is dramatically amplified by introduced gain of medium in slot cavity, this is because the energy transferred from the gain to the slot cavity not only compensates the metallic losses, but also allows dramatic enhancement of FP resonance. This result is agree well with above theoretical analysis. It should be noticed that the gain coefficient in simulation is within the limits of currently available semiconductor gain medium, and this structure can act as an ultrafast switch with a response time less than 1ns [43] , [44] . The on/off states for this switch is corresponding to the absence and presence of optical pumping.
Meanwhile, it can be found that the lineshape of the transparency window becomes narrower with increasing of transmittance at peak wavelength of 1.55 μm, and two dips are fixed at λ = 1.542 μm and 1.557 μm. Such a sharp profile in the transparent window indicates a steep dispersion, and consequently leads to a large group refractive index. Fig. 5(a) shows the transmittance (blue line) and group index (black line) at λ = 1.55 μm versus different gain coefficients, and 5(b) shows the corresponding group delay time of this system. It can be seen that all of the transmittance, group index and group delay exponentially increase with increasing of gain coefficient. The group index is enhanced from 12.5 at α = 0 cm −1 to the maximum value of 278 at α = 700 cm −1 , the corresponding group delay is increased from 0.04 ps to the 0.93 ps. Compared with previous reported results [31] , [32] , [42] , the transmittance, group index and delay time in transparent window are dramatically enhanced. Therefore, an optically controllable PIT effect is demonstrated by introducing gain medium into the slot resonator. This scheme provides the possibility for the realization of dynamically tunable slow light devices, as well as can be utilized in sensing, filtering and switching areas.
Active Control of Triple PIT Responses
The above investigated single PIT structure is flexible and can be easily extended triple PITs structure, the corresponding structural configuration is schematically shown in Fig. 6 . This system is based on the single PIT structure and another identical aperture-coupled square cavity (denoted by C2) is arranged on the opposite of the original one (C1), a new slot cavity (C4) is side-coupled to cavity C2. The length of slot cavity C3 and C4 are set as l 1 = 608 nm, l 2 = 627 nm, other geometrical parameters are set as d = 25 nm, h = 78 nm, s = 170 nm, g = 30 nm. In this system, the gain medium is filled both in C3 and C4. Fig. 7(a)-(d) show the calculated transmission spectra when gain coefficient α = 0 cm −1 , 400 cm −1 , 500 cm −1 and 600 cm −1 , respectively. It can be seen that three transparency windows are achieved in each transmission spectrum, and the transmittance of each PIT peak increases with increasing of gain. Furthermore, we also calculated the corresponding transmission phase shift and group index and the results depicted in Fig. 7(a )-(d ) , the blue and black lines represent the phase shift and group index, respectively. Within each transparency window, the variation of phase shift becomes shaper with increasing of gain, and corresponding group index increased obviously. To understand the formation mechanism of these three PITs and the influence of gain on the transmission spectrum, we calculated the magnetic field distributions of H z at λ = 1.522 μm, 1.557 μm and 1.593 μm, which correspond to three transmission peaks in Fig. 7(d) . From the filed distributions in Fig. 7(i) and (iii), we can see the radiative mode is established in two identical aperture-coupled square cavities. For the slot cavities, the resonance mainly established in C3 at the peak of λ = 1.522 μm while the resonance in C4 is very weak, so transparency window at λ = 1.522 μm is resulted from the interference between the aperturecoupled cavities and the slot cavity C3. Similarly, the transparency window at λ = 1.593 μm is resulted from the interference between the aperture-coupled cavities and the slot cavity C4. Notably, the reason for the appearance of the transparency window at λ = 1.557 μm is quite different from the peaks at λ = 1.522 μm and λ = 1.593 μm. As shown in Fig. 7 (ii), the resonance in C3 and C4 are established, thus the emerging of this transparency window can be attribute to the phase coupling between two detuned resonators [45] . The triple PIT responses in multiresonator system can be actively controlled by optically pumping the gain medium in slot cavities, and the corresponding slow light in each transparency window also can be dynamically tuned. Therefore, this system may find significant applications for multichannel switches and filters.
Conclusion
In conclusion, a compact plasmonic resonator system, which is composed of a square cavity aperture-coupled with a MDM waveguide and side-coupled with a slot cavity, is proposed and its transmission characteristics are numerically investigated. The results show that a transparency window appears in the original absorption band, and the transmittance and delay of slow light within this window can be controlled by adjusting the geometrical parameters of the aperturecoupled square cavity. Gain medium is introduced into the slot cavity in order to compensate intrinsic losses. It is found that transmittance in transparency window is dramatically amplified with increasing of gain, and a steep dispersion is obtained. Thus the group index and the group delay time of this system can be actively controlled by optically pumping the gain medium. Moreover, actively controlled triple PIT effects are also achieved by adding another square cavity and slot cavity. The proposed PIT system may have important potential applications in highly integrated all-optical circuits and networks, as well as ultrafast switches, lasers, nanosensor and filters.
